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Abstract—Collision avoidanceand resolutionmultiple acces{CARMA) protocolses-
tablish athr ee-wayhandshakebetweensenderandreceiverto attempt to avoid collisions,
and resolvethosecollisionsthat occur. This paperdescribesand analyzesCARMA proto-
colsthat resolvecollisionsup to the first succes®btainedby running atr ee-splittingalgo-
rithm for collision resolution. An upper bound is derived for the averagecostsof resolv-
ing collisionsof floor requestsusing the tr ee-splitting algorithm is obtained and applied
to the computation of the averagechannelutilization in afully connectednetwork with a
large number of stations. Our analysisindicatesthat, becauseCARMA protocolsguar-
anteea successfukransmissionfor every busy period of the channel, it achieveshigher
throughput than other contention-basedMAC protocols basedon collision-avoidance
handshakes.

I. INTRODUCTION

Severalmediumaccessontrol (MAC) protocolshave beenproposed
over the pastfew yearsthat arebasedon three-or four-way handshake
proceduresneantto reducehenumberof collisionsamongdatapackets,
therebyproviding betterperformancahanthe basicALOHA or CSMA
protocols[2], [3], [4], [5], [6], [9], [11], [12].

Theconcepbf “floor acquisition"wasfirst introducedoy Fullmerand
Garcia-Luna-Acees[5] for MAC protocolsbasedon three-or four-way
handshak@roceduresln a single-channehetwork,floor acquisitionen-
tails allowing one and only one stationat a time to senddatapackets
without collisions. Protocolsthat provide correctfloor acquisitionhave
beencalledfloor acquisitionmultiple acces§FAMA) protocols.

A FAMA protocolrequiresa stationwho wishesto sendone or more
packetsto acquirethe right to usethe channelexclusively (called the
floor) beforetransmittingthe datapackets. In FAMA-NTR [5], before
transmittinga datapacket,a stationsenseshe stateof the channeto see
if it is idle or not. If the channelis busy, the stationbacksoff andtries
to acquirethe channelat a latertime; on the otherhand,if the channel
is sensedo befree,the stationsendsan RTS. In short,stationsfollow a
non-persistenESMA stratgy for the transmissiorof RTSs. Thesender
listensto the channelfor one maximumround-trip time plus the time
neededor thedestinatiorto senda CTS.If the CTSis not corruptedand
is receved within the time limit, the transmissiorof datapacketsfrom
the sendemroceeds.The CTS is sentby the destinationstationto let
otherstationsin the systemknow thatthefloor of the channelhasbeen
acquired. Accordingly, whena stationrecevesa correctCTS, it backs
off until thechanneis releasedy the sender

Although eachstationtransmitsan RTS only whenit determineghat
the channelis free, a collision with other RTS transmissionsnay still
occurdueto propagatiordelays. RTSsarevulnerableto collisionsfor
time periodsequalto the propagatiordelaysbetweensenderof RTSs.
During theseperiods,multiple stationsmay sensethe channelfree and
alsosendRTSs,thuscausingcollisions.

FAMA protocolssolwe collisionsby backingoff andreschedulindgRTS
transmission$5], [6]. As with CSMA protocols,this procedureyields
goodresultsif the RTS traffic is low; however, the probability of RTS
collisionsincreasesas the rate of RTS transmissionsncreaseswith a
correspondinglecreasef systemthroughput. Eventually asthe RTS
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transmissiomate increasesthe constantRTS collisions causethe chan-
nel to collapse,bringing the flow of datapacketsto a halt. To remedy
this problem,we presentCARMA (collision avoidanceand resolution
multiple accessprotocolsthatresohe thecollisionsof RTSsby allowing

one RTS to succeedn every round of contentionusing a tree-splitting
algorithm.

In high-speedvirelessnetworksusing RTSs much smallerthan data
packetstheseprotocolsimprove over the performancesf FAMA proto-
cols,andotherprior MAC protocolsbasedon collision-avzoidancehand-
shakesbecausevery new roundof RTS submissionso the channelre-
sultsin a successfutransmissiorof datapacketsandthe averagetime
neededo obtaina successn aroundof contentionis very small com-
paredto the durationof datapackets.Sectiondl andlll describea spe-
cific protocol,which we call CARMA-FS (for first success)andwhich
usesnon-persistentarrier sensingfor the transmissiorof RTSsand a
tree-splittingalgorithmto resole collisionsof RTSsup to the first suc-
cess.SectionlV computesnupperboundon theaveragecostsof resolv-
ing RTS collisions,i.e.,thetimesassociateavith the eventualsuccessful
transmissiorof all datapacketsinvolvedin a collision-resolutiontree;
theimportanceof theseboundsis thatthey areindependenof the num-
berof stationsin the network. SectionV usesthemto computea lower
boundof averagethroughputachievedby CARMA-FSwhenavery large
populationof nodesis assumedWe shaw that the throughputachiesed
by CARMA-FSis alwaysbetterthanthethroughpubf FAMA protocols.
SectionVI offersour concludingremarks.

II. CARMA-FS

CARMA-FS usescarriersensingfor the transmissiorof RTSsanda
tree-splittingalgorithmto obtainthe first succes@monga setof collid-
ing RTSs. moresophisticatedollision-resolutioralgorithms[1] canbe
usedto obtain the first successn a roundof contention. Eachstation
mustknow the maximumnumberof stationsallowedin the systemand
the maximumpropagatiordelayin the network. For the slottedversion
of CARMA-FS, a time slot is assumedo lastaslong asthe maximum
propagatiordelay

Eachstationis assigned unigueidentifier, a stackandtwo variables
(LowID andHiI D). LowlD is initially thelowestID numberthatis
allowedto sendan RTS,while H:I D is thehighestiD numberthatis al-
lowedto sendan RTS. Togethetthey constitutethe allowablelD interval
thatcansendRTSs,i.e., attemptto acquirethefloor. If thelD of astation
is notwithin this interval, it cannotsendits RTS. As we describesubse-
guently the stackis simply a storagemechanisnfor ID intervalsthatare
waitingto getpermissiorto sendanRTS.

A stationcanbein oneof five differentstatesn CARMA-FS, namely:

« PASSIVE: The stationhasno local packetgpendingandno trans-

missionsaredetectedn thechannel.

« RTS:Thestationis trying to acquirethefloor andhassentanRTS.

« XMIT: Thestationhasthefloor andis sendingdatapackets.

« REMOTE: The stationis receving transmissiongrom other sta-

tions, andstartedto detectchannelactiity beforeit hadary local
packeto send.
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« BACKOFF: The station has local packetspending and had to

reschedulés requesftor thefloor.

When a passve stationhas one or multiple packetsto send, it first
listensto thechannelIf thechannelis busy (i.e., carrieris detected)the
stationbacksoff andreschedule#ts RTS at sometime into the future.
Alternatively, if the channelis clear(i.e., no carrieris detectedfor one
maximumround-triptime, the stationtransmitsan RTS. The sendethen
waits and listensto the channelfor one maximumround-triptime plus
the time neededor the destinationto senda CTS. Whenthe originator
recevesthe CTS from the destination,it acquiresthe floor and begins
transmittingits datapacketburst. The sendeiis limited to a maximum
numberof datapacketsafterwhichit mustreleasehe channebndmust
competdor thefloor atalatertimeif it still hasdatapacketgo send.

If the senderof an RTS doesnot receve a CTS within a time limit,
the senderas well as all other stationsin the systemknow that a col-
lision hasoccurred. As soonas the first collision takesplace, every
stationdividesthe ID intenal (Low D, HiI D) into two ID intenals.
The first ID interval, which we will call the backof ID interval, is
(Lowl D, [HULtLowID] _ 1) while the secondID intenal, the al-
lowed D intenal, is ([ ZL2+£LewID] fi] D). Eachstationin the sys-
tem updateghe stackby executinga PUSHstackcommandwherethe
key beingpusheds thebackof ID intenval. After thisis done thestation
updatesl.ow! D and H:I D with the valuesfrom the allowed ID inter
val. This procedurds repeateceachtime a collision is detecteduntil a
successfulransmissioris achieved.

Only thosestationsthatwerein the RTS stateat thetime thefirst col-
lision occurredareallowedinto the collision-resolutiorphaseof the pro-
tocol. All otherstationswill bein REMOTE stateuntil the collision-
resolutionphaseends.Collision resolutionevolvesin termsof collision-
resolutionintenals. In thefirst internval of the collision-resolutiorphase
all stationsin the allowed ID intenval thatarein the RTS statetry to re-
transmitanRTS. If noneof thestationswithin this ID intenval requesthe
channelthe channelwill beidle for atime periodequalto two timesthe
maximumchanneldelay (27). At this point, a new updateof the stack
andof thevariablesLow! D and HiI D is due. Eachstationexecutesa
POPcommandn the stack. This new ID interval now becomeshe new
H:iID and LowID. The secondalternatve is for multiple stationsto
requesthe channelcausinga collision. The stationsin the allowed ID
interval are oncemore split into two new ID intenvals andthe stackas
well asthevariablesfor eachstationareupdated.In this case the dura-
tion of the collision-resolutiorintenal is equalto the collision time plus
the channeldelay The algorithmrepeatghesestepsuntil the first suc-
cessfulRTS/CTSexchanges achieved. This is the casewhenonly one
stationin the allowed ID intenal is requestinghe channel;the origina-
tor recevesthe CTSfrom thedestinatiorandbeginstransmittingits data
packetburst, after which the stationreleaseshe channelandtransitions
to the PASSIVE state.Thetotal timefor this successfulransmissioris at
mostequalto thedurationof anRTS, a CTS,the datapacketburst, plus
threechanneldelays.

Noticethat, assoonasthe first successs achieved, all stationsknow
thatthecollisions-resolutiophaseéhasended Accordingly, oncethetree-
splittingalgorithmterminatesall stationsareeitherin thePASSIVE state,
or in theBACKOFF stateif they have packetdo send.A waiting period
of two timesthemaximumchanneblelayduringwhichthechanneisidle
occursuponterminationof the tree-splittingalgorithm. The next access
to the channelis driven by the arrival of new packetdo the stationsand
thetransmissiorof RTSsthathave beenbackedff.

To permit the transmissionof packetbursts, CARMA-FS enforces
waiting periodson receving stationsat stratgic pointsin the operation
of theprotocol.A stationthathasrecevedadatapacketin theclearmust
wait for onemaximumpropagatiortime after processinga datapacket,
this allows the senderto sendmore packetsif desired. A stationthat
hasunderstoodary control packetmustwait for twice the durationof
the maximumpropagatiortime; this allows correctRTS/CTSexchanges
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to takeplace. On the otherhand,if atransmittingstationis in the RTS

state,the protocolenforcesa waiting period of two maximumpropaga-
tion times after sendingits RTS. This allows the destinationto receve

the RTS andtransmitthe correspondingCTS. A sendingstationmust
alsowait onemaximumpropagationiime afterthe lastdatapacketof its

packetrain.

I11. EXAMPLE

We illustrate CARMA-FS usinga simpleexample. Eachstationhasa
distinctpositionin the leavesof abinarytreebasedonits ID. If n isthe
total numberof stationsin thesystemthebinarytreehas2n + 1 nodes.
Theroot of thetreeis labeledasn, andits right andleft child asn; and
ng, respectiely. For eachof the othernodesthelabelsarecomposef
theparentabel,plusa0 if it istheleft child or a1 if it isaright child. As
anexample,takea systemwith four stationslabeledrqg, no1, n10, and
n11. Thebinarytreehasa total of sevennodeswith the four stationsas
its leaves. Theroot of the treehasthe labeln,.. Theleft child of theroot
nodeis n; whileits right child is no. Stationn, is the parenthodeof ng;
andngo . Similarly, stationn,, is theright child of noden; , while station
n1 is its left child. We definethe subtre€T}.:.; asthe subtreeat node
niaber. IN OUrexample the subtredor nodeng; is 7o1 -

Assumethat,attime¢,, we areatnoden, andwe areallowedto listen
simultaneoushat all the stationsof its subtre€l’. for atime periodof 7
secondsOnly oneof thefollowing threethingscanoccur:

eCasel-lIdle: TherearenoRTSsin ary of theleaves(stations)n subtree
T,; therefore the channelis idle. This lastsanidle transmissiorperiod
T.

eCase 2-Success Thereis only one RTS in the subtreeT,; there-
fore, thereis no collision anda stationacquireghe floor terminatingthe
collision-resolutiorphase.This lastsonesuccessfutransmissiorperiod
Ts.
eCase3-Collision: Therearetwo or more stations(leaves)in the sub-
treeT, sendinganRTS;thereforeacollisionoccurs.Thislastsonefailed

transmissiomperiodTy.

Assumethat, at time ¢y, Case3 occurswith stationngy andng; each
sendingan RTS in the sameslot, while stationn;o andstationn;; do
notrequesthe channel.Fig. 1 illustratesthis. Thefirst collision occurs
attime ¢o; all stationsin the systemnoticethe beginning of the resolu-
tion algorithmandupdatetheir stacksandtheir LowI D aswell astheir
H il D values.Stationsigg andng; arememberof thebackof ID inter
val; thereforethey wait until the collisionsin theallowedID interval are
resoled. They bothareexcludedfrom sendingRTSs. After atime period
Ty, Stationsnio andn,;, areallowed to requestor the channel.Since
stationsnig andni; in tree7; do not wish the channel,the first case
applieshere. After T; = 27 secondsall stationsnoticethat the chan-
nelis idle, which meanghattherewereno collisionsin tree7;. All the
stationgn thesystemmustupdatetheirintervalsandthe stack. They exe-
cutea POP-stackkommandandthe new allowableintenal is (ngo, 101 );
therefore, I, canproceedo solweits RTS collisions. Both stationsrng
andng; transmitan RTS controlpacketandCase3 occursagain.Sincea
collisionoccurredtheinterval is split, i.e.,,the subtre€ly is splitin two
halves,Tyo andTp;. Stationng; is within the allowableintenal while
the ngo stationmustwait, its interval is the top of the stack. SinceT5,
hasonly onestationrequestinghechannelthatstationacquireghefloor
andtransmitgts datapackageAt this point, all thestationsknow thatthe
collision-resolutiorphasehasterminatedbecaus@successfuRTS/CTS
exchangedvassensedy all stations.Thestationeemptytheir stacksand
updatethe allowable ID interval allowing all stationsto contendin the
next roundof contention.Fig. 1 illustratesthe transmissiorfor eachof
then = 4 stationsin the system,aswell asin channelfor the unslotted
versionof CARMA-FS.
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Fig. 1. Transmissiomeriodandtreestructureto solvethecollisionsfor asystemwithn = 4
stationsout of whichm = 2 arerequestinghefloor. C(4,2) = 2,8(4,2) = 1 and
Z(4,2) = 1.

IV. AVERAGE COLLISION RESOLUTION COSTS

For the purposeof our analysis we assumehat (a) the channeintro-
ducesno errors,so packetcollisions arethe only sourceof errors,and
stationsdetectsuchcollisions perfectly (b) two or more transmissions
that overlapin time in the channelmustall be re-transmittedand(c) a
packetpropagateso all stationsin exactly = secondg10]. The average
sizeof adatapacketis 6 secondsandRTS andCTS packetsareof size
v seconds.Both § and~y areassumedo be multiplesof = in orderto
accommodatéhe comparisorwith the slottedversionof the protocol.

Thereare only threepossiblecaseso considerfor the resolutionof
RTS collisions: idle, successor collision. For eachof thesecaseswe
obtained[8] threedistinctaverage-costecursie equationsZ (n, m) for
theidle caseS(n, m) for thesuccesgaseandC(n, m) for the collision
case. Thesethreecostsdependon the total numberrn of stationsin the
systemandthe numberm of stationswith one RTS. They represenain
averagenumberover all the possiblepermutation®f m RTSsin n total
stationsuntil thefirst successfuRTS/CTSexchange.

In  [8] we use mathematicainductionto prove the upperbounds
for the averageidle cost Z(n, m) and for the averagecollision cost
C(n,m). Forallm > 1 andn > 1, wefind that Z(n,m) < % and
C(n,m) < log(m) + 1. §(n, m) contritutespositively to the overall
throughputof the system. Every round of contentionis guaranteedo
allow onesuccessfuRTS/CTS@mhangethereforeE(n, m) = 1.

V. THROUGHPUT ANALYSIS

Theanalysidn this sectionmakeghe sameassumptionitroducedn
the previoussectionandusesthe sametraffic modelusedfor the FAMA-
NTR protocol [5]. Given that the upperboundson averagecollision-
resolutioncostsareindependenof the numberof stations,we approxi-
matethe traffic into the channelwith aninfinite numberof stationsgach
having atmostoneRTSto sendatary time,andformingaPoissorsource
sendingRTSswith anaggr@atemeangeneratiomrateof A RTSsperunit
time. With this model,the averagenumberof RTS arrivalsin atime in-
tenal of lengthT" is AT, i.e., m = AT. All datablockshave aduration
of § secondsTheaveragechannethroughpuis givenby

T

s = @)

B+T

whereU is the averageutilization time of the channelduringwhich the
channelis beingusedto transmitdatapackets;B is the expecteddura-
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tion of a busy period,during which the channelis busy with successful
or unsuccessfuransmissionsand! is the averageidle period,i.e., the
averageintenal betweerntwo consecutre busyperiods.

A. Unslotted CARMA-FS

A successfutransmissiorconsistsof an RTS with one propagation
delayto the intendedrecipient,a CTS with a propagationdelayto the
senderandadatapacketfollowed by apropagatiordelay Thereforethe
averagedurationperiodfor a successfulransmissioris

Ty =2v+3r+6 @

For anRTSto besuccessfulit mustbetheonly packetin the channel
duringits transmissionlts probability of succes®qualsthe probability
thatno arrivals occurin = secondshecausehereis a delay acrossthe
channelof = secondseforeall the otherstationsin the networkdetect
thecarriersignal. After this vulnerabilityperiodof = secondsall stations
defertheir transmissions.Therefore,given that arrivals of RTSsto the
channebrePoissorwith parametep, we obtain

Ps = P{Noarrvalsin r second} = eTAT 3)

Thenumberof stationghatparticipaten thecollision-resolutiorphase
is m = Ar. Within the tree,the threecasesf the collision resolution
discussedn the previous sectionsare present.Eachoneof themhasan
averageupperboundcostthatis independenbf the numberof stations
(n), but is a function of the numberof stationsrequestingthe channel
(m). In the caseof a colliding transmission(m > 1), thetime period
consistof oneRTS packagedollowed by one or more RTSstransmitted
by otherstationswithin time Y, where0 < Y < r, plusonepropagation
delayr. Accordingly, theaveragedurationof afailedtransmissiomeriod
is boundedby 7y < v + 27 [5]. In the caseof anidle transmission
(m = 0), thetime periodhasa durationequalgo two propagatiordelays.
Accordingly, the averagedurationof anidle transmissiormperiodis 7; =
2T.

A busy periodis composedf boththe successfubndthe treetrans-
missionperiods. A waiting period of 27 secondds requiredfor both
transmissiomperiods. The durationof an averagebusy periodequalsthe
sumof the percentagef successfutransmissiorperiodstimestheir du-
ration, T, plusthe percentagef the tree periodstimestheir duration.
Thetreeperiodsare composedf threeparts,correspondingo success,
idle, and collision periods,eachwith a distinct costand duration. Ac-
cordingto the upperboundsderivedin [8], the averagebusy periodcan
beboundedasfollows:

)
A

T, Py + (Tf(log(m) +u+ +Ts) (1 - P)

= ((-v-2r)log(rr) =y —ar) - 77 4

(v +2r)log(A7) + 3y + 67+ (4)

The channelcarriesuserdatafor 6 secondsiuringeachtransmission
period;thereforel/ = §. Theaverageidle periodis equalto the average
interarrial time plusthe averagewaiting periodenforced.

~1
1]

1
— 427 Ps 4+2r-(1—Ps)
by

1
= S+ ©)

Substitutinghevaluesfor U7, T and B obtainedaboveinto Eq. (1), we
obtainthefollowing lower boundfor theaveragethroughpuof CARMA-
FS:

—&X

s > — (6)
A-e~AT 4 B
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where

b
1

(A + 227) log(Ar) + A~y + 327

—(¥2 + 2A7) log(A7) — 3Ay — 8Ar — A8 — 1

B. Sotted CARMA-FS

In this section, we use the same assumptionsused for unslotted
CARMA-FS.Thechannels slottedandeachslotlastsamaximumpropa-
gationdelayr. With slotting, stationsarerestrictedo starttransmissions
only onslotboundaries.

As it wasthe casein unslottedCARMA-FS, the averagedurationpe-
riod for asuccessfulransmissioris givenby Eq.(2). Theprobabilitythat
anRTSis successfuis

—Ar
AT - e

Ps = P{k = 1 arrivalin aslot|somearrivalsin aslot} = — )
1 — e~ AT

In the caseof a colliding transmission(m > 1), the time period
consistsof one RTS followed by a propagationdelay =. All colliding
RTSsare sentat the beginning of the sameslot; accordingly we have
Ty = v+7. Asit wasdonefor unslottedCARMA-FS, B canbebounded
accordingo Eq(4). Substitutinghevaluesfor P, Ty, T, T; andm, we
obtain

wl
IA

T, Py + (Tf<log(m) 0+ +Ts) (1-Po)

(v + 7)log(Ar) +3v + 57+ 38

(1 —e—27)

(=% = YA — 7 — Ar2) log(Ar) - e =27

(1—emA7)

+

(vAr — 2272 — 3y — 57 — §) - e~ AT
(1—em27)

®)

Theaveragedle periodis

1

~1
]

P

" — +27 Ps+2r (1-P;)
—e

+2r ©

Theaverageutilizationis simplyé. SubstitutinghisvalueandEgs.(8)
and(9) into Eq. (1), we obtainthefollowing lower boundon theaverage
throughpubf slottedCARMA-FS:

_6(1 — e=AT
sy 2= )

- 7 (10)
A.e—AT 4 B

where

(v+ A7y + 7+ A7) log(Ar) + vAT + 2372 + 3y + 77 + &

=  —(v+r)log(Ar) — 3y — 87 — &

C. Numerical Results

We compareCARMA-FS with FAMA-NTR for the casesof a low-
speedchetwork (9600 b/s)andhigh-speedetwork( 1Mb/s) in which ei-
ther small datapacketq 53 bytes)or large datapacketq400 bytes)are
transmitted We assumehe distancebetweerstationgo be the sameand
definethe diameterof the networkto be 1 mile. Assumingtheseparam-
eters the propagatiordelayof the channelis 5.4us. In orderto accom-
modatethe useof |IP addressefor destinatiorandsource the minimum
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sizeof RTSsandCTSsis 20 bytes. We normalizethe throughputresult
by settingr = 1 anddefiningthefollowing variables

8
— (normalizeddatapackets)
.

v
— (normalizedcontrolpackets)
.

A7 (normalizedofferedload) (11)

Substitutingthe new normalizedvariablesfrom Eq. (11) into Eq. (6),
we obtain

s > —_— 12
= 4. .Gynm

where

(b +2)108(G) +b + 3

1
! —(b+2)log(G) —3b— 8 —a — —
G

for unslottedCARMA-FS. The throughputof unslottedFAMA-NTR in
[5] normalizewith thevariablesn Eq.(11)is

a

(13)

Sfama =

G
atb4 22T) 4 oGa gy

For slottedCARMA-FS we obtain

—a(1 — e~ G)
S > _— (14)
= Al . e—G + B!

where

(b4+b6G 4+ 14 G)log(G) + (bG + 2G + 3b +a + 7)
—(b+1)10g(G) — (3b + a + 8)

while the throughputof slotted FAMA-NTR in [5] normalizewith the
variablesn Eq. (11) is

aGe— G
(a+b+1)G-c=F +(B3+b)(1-ecF)+1

Stama = (15)

Tablel summarizesheprotocolparametersisedin our comparison.

|| Network Speed || PacketSize || 8

[o=2:=21
308.6
308.6
2.96
2.96

9600bps

9600bps
1Mbps
1Mbps

424bits
3200bits
424bits
3200bits

44166.7us

333333.3us
424pus
3200us

TABLE |
PROTOCOL VARIABLESFOR LOW-SPEED NETWORKS (9600 BPS) AND HIGH-SPEED
NETWORKS (1 MBPS) WITH TWO TY PES OF DATA PACKETS, SMALL (424 BITS) OR
LARGE (3200 BITS). THECHANNEL DELAY 7 = 5.4uS, WHILE THE CONTROL PACKETS
ARE160 BITSLONG.

Figs.2 and3 shaw the averagethroughput(S) versusthe offeredload
(G) for CARMA-FS and FAMA-NTR. It is clearthat slotting doesnot
provide much performanceimprovementin CARMA-FS, and that to
achieve high throughputhe sizeof the control packetsneedto be small
comparedo the lengthof thedatapacketor packetrains. CARMA-FS
behaeslike FAMA-NTR whenthe offeredloadis small. As the offered
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Fig. 3. Throughputof FAMA-NTR andCARMA-FS for high-speedetwork.

load increasesthe throughputof FAMA-NTR decreasesapidly, while
CARMA-FS decreasegarithmicallyatamuchslowerrate.

To verify that the valueof S approximatedisingan infinite popula-
tion andthe upperboundson averagecostsfor collisionresolutiontimes
provides a goodlower boundfor ary traffic load, we simulatedslotted
CARMA-FS using65 stationghatgeneratdRTSsaccordingo aPPoisson
probability distribution function. The simulationswere doneten times
for eachgivenm = 7 valueto insurecorvergence.The resultsof the
simulationareshown in Fig. 3 only for the caseof long datapacketsn a
high-speedetwork,andindicatethat our analysisprovidesa very good
approximatiorof the averagethroughput.

V1. CONCLUSIONS

CARMA-FS implementsa three-wayhandshakéasedon small con-
trol packetdbetweersenderandrecever, plusalimited collision resolu-
tion algorithmensuringhatthereis alwaysa successfuRTS duringeach
busy period. Our analysisshowvsthatthis limited collision resolutionim-
provesthe performancef FAMA protocolsconsiderablypur simulation
validatesthe simplifying assumptionsnadeto obtaina lower boundof
averagethroughputas a function of channelload. The importanceof
exploring limited collision resolutionlies on its potentialapplicationto
wirelessnetworkswith dynamictopologies,n which the nodesengaged
in collisionresolutionmay move, thereforechangingthe constituenyg of
thetree. A protocolaimedat resolvingthe first successs attractve in
a dynamicsetting,becauseesolvingthe first succesganbe donefaster
thanresolvinganentiretree[7]. Ourwork continuego explorethe per
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formanceof limited resolutionalgorithmswhenthe membersf thetree
haveinconsistentnformationaboutthe allowableID intenal.
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